Photovoltaic effects have been observed in oxygen-deficient La 0.6 Ca 0.4 MnO 3−␦ thin film obliquely deposited on Si substrate. The oxygen vacant sites can raise the photovoltaic sensitivity of the manganite thin film, and the photovoltaic sensitivities of 33.4 V / W and 2.84ϫ 10 5 mV/ mJ are observed when the film is irradiated by a 635 nm continuous wave laser and by a 532 nm pulsed laser of 7 ns duration, respectively. The open-circuit photovoltage of the film, when irradiated by the pulsed laser, has an abnormal change with a fast positive response of about 17 ns and the change of voltage polarity after the laser pulse. It is found that the thickness of the film has important effects on the photoelectric characteristics and the abnormal photovoltage comes from the thickness difference.
The perovskite-type manganites are sensitive to external magnetic field, electric field, and light, 1 which have attracted considerable attention in the past decade. Many efforts have been devoted to explore devices based on manganites, among which photovoltaic effects have been intensively investigated.
2-8 The effects are mainly observed in two kinds of manganite-based devices. One is in tilted manganite thin films, 2,3 which have the structural orientation tilted with respect to that of the substrates and the other is in manganitebased heterostructures. [4] [5] [6] [7] The photovoltaic effects in the two kinds of devices are believed to be caused by different mechanisms: the photovoltages in the former are often called laser-induced thermoelectric voltages, 2 which are due to the Seebeck effect, and those in the heterostructures are believed to be caused by the movement of photon-generated carriers. 6, 7 These heterostructures can be fabricated by manganite thin films deposited on Nb-doped SrTiO 3 as well as Si substrates. [4] [5] [6] [7] Recently, some interesting phenomena have been observed in La 0.7 Sr 0.3 MnO 3 / Si heterojunctions, such as ultrafast photoelectric effects 6 and transient lateral photovoltaic effects. 7 Moreover, erasure of photoconductivity by magnetic field has been achieved in oxygen-deficient La 2/3 Sr 1/3 MnO 3−␦ thin films deposited on Si substrates, 8 which reveals that the devices fabricated by oxygen-deficient manganite thin films deposited on Si substrates may be promising candidates for optoelectronic applications. Photoelectric characteristics of the manganite-based heterostructures are believed to be related to the photoinduced nonequilibrium charge carriers in the perovskite manganese oxide, part of the photoinduced holes and electrons may annihilate with each other during the diffusion process, 4 which concerns the problem of the diffusion length or lifetime of nonequilibrium and restricts the photovoltaic sensitivity. However, in oxygen-deficient manganites, it is generally believed that the incoming photons can create electron-hole pairs and the electrons are trapped by the oxygen vacant sites, which will make holes the extra carriers. 9, 10 Since the photovoltage is proportional to the quantities of extra carriers, 4 the oxygen vacant sites may raise the quantum efficiency and photovoltaic sensitivity of the manganite-based photoelectric devices.
In this letter, we report the photovoltaic effects in oxygen-deficient La 0.6 Ca 0.4 MnO 3−␦ ͑LCMO͒ thin film obliquely deposited on Si substrate. This obliquely deposited film has a sloping structure which is different from the tilted structure in Ref. 2. Photovoltaic effects in obliquely deposited films of conventional semiconductors have been investigated for about 50 years. 11 However, there has been almost no study reported for the photovoltaic effects in obliquely deposited manganite thin films. Through investigating the photovoltaic effects in the LCMO film and LCMO/Si heterojunctions, we find that the oxygen vacant sites in the LCMO film can result in a high photovoltaic sensitivity. It is also found that the thickness gradient of the film has important effects on the photoelectric characteristics, and an abnormal change of the photovoltage has been observed when the film is irradiated by a 532 nm pulsed laser of 7 ns duration.
The La 0.6 Ca 0.4 MnO 3−␦ film was grown on Si substrate by pulsed laser deposition. The oxygen content was controlled by the ambient O 2 pressure during deposition.
12 Detailed deposition procedure was described elsewhere, 13 except that the surfaces of the target and substrate were not parallel, but had a dihedral angle of about 20°. The substrate was not rotated during the deposition, and the side of the substrate closer to the target was grown a thicker film, so the film was obliquely deposited.
In order to characterize the effect of the thickness gradient on the photoelectric characteristics of the film, four electrodes ͑In-Ag͒ are fabricated on the film, as shown in Fig. 1 . Electrode "a" is on the thick side of the film and "b" is on the thin side while "c" and "d" are on the surface of Si substrate. two heterojunctions "ac" and "bd" can be investigated and characterized. The thickness of the thick side is about 70 nm and that of the thin side is about 60 nm. The photovoltaic effects are investigated using a 635 nm laser diode and a 532 nm pulsed laser with the pulse width of 7 ns at room temperature; the wave form is recorded by a digital oscilloscope ͑Tektronix® CSA 7404B͒. The laser spots always irradiate on the gap between electrodes ab and fully cover it. The 635 nm laser diode with a light power of 5 mW is used to investigate the photovoltaic sensitivity, and the laser diode is fired manually. Figure 2 shows the open-circuit photovotages in the obliquely deposited film and the heterojunctions when illuminated by the laser diode. In darkness there is no voltage between the electrodes. However, under light illumination significant photovoltages can be observed, and the value of V ac , V ab , and V bd is about 213, 167, and 42 mV, respectively. There is no voltage between electrodes c and d. It is convenient to calculate that V ab Ϸ V ac − V bd , which means that the voltage of the obliquely deposited film is nearly equal to the potential difference of the thick side and thin side of the film. Since all other conditions are the same, it can be inferred that thickness of the film has important effects on the photoelectric characteristics. One of the most interesting observations of the present work is the strange photoelectric effect when the film is irradiated by the pulsed laser. A group of attenuators are used to adjust the illumination light power, and the energy of excitation pulse is about 0.25 J. Figure 3͑a͒ shows the typical photovoltaic pulse of the film, which is much different from that in Refs. 2 and 3. It can be seen that the photovoltage first increases to 71 mV in a rise time of about 17 ns and decreases to zero in about 40 s, then further decreases to −89 mV in about 130 s, and finally relaxes to zero in about 1 ms. This phenomenon could be understood after further investigating the photoelectric response of the heterojunctions ac and bd. As shown in Fig. 3͑b͒ , the heterojunctions ac and bd have the open-circuit photovoltage curves as that in Refs. 5 and 6. Both of them have the rise time of about 17 ns, but the photovoltage V ac is larger than V bd . The relaxation time is also rather different. The thick side has a faster relaxation process, which results in that after about 40 s, the potential of the thick side is lower than that of the thin side. As the case hereinabove, there is no voltage between electrodes c and d. Comparing Figs. 3͑a͒ and 3͑b͒ , it can also be found that V ab is nearly equal to ͑V ac − V bd ͒. Since the potential difference between the thick side and thin side of the film is not commensurate, photovoltage curve of the film has an abnormal change. The photovoltaic sensitivity of the film is as large as 2.84ϫ 10 5 mV/ mJ, which is about 600 times larger than that of ϳ500 mV/ mJ observed in tilted La 0.67 Ca 0.33 MnO 3 film in Ref. 3 .
The creation of the photovoltaic process in the obliquely deposited oxygen-deficient film can be understood as follows. With the photons stimulation, electrons in the valence band absorb photons and transit to the conduction band since the photon energy of 635 nm wavelength ͑1.9 eV͒ and 532 nm wavelength ͑2.3 eV͒ are larger than the band gap of LCMO ͑ϳ1.2 eV͒, 14 holes and electrons are created in the LCMO film. The electrons are easily trapped by the potential wells provided by the oxygen vacant sites, while holes become the extra carriers. 9 Since the penetration depth of light is typically 100 nm which is larger than the thickness of the film, 15 the thick side of the film has more oxygen vacant sites, as a result more hole carriers can be produced. As depicted in Ref. 7 , when the quantities of the collected carriers on the two electrodes are different, a lateral field will be constructed. Thus photovoltaic effects can be observed in the obliquely deposited oxygen-deficient film. Moreover, in our previous work, it is found that photoinduced insulator-tometal transition may be occurred in the LCMO film when illuminated by the pulsed laser, and photogenerated metallic phase could maintain for about 1 s. 13 In the rise time of the photovoltage ͑ϳ17 ns͒, the extra hole carriers may redistribute themselves in the film, so some of the hole carriers in the thick side may diffuse to the thin side. After reaching the maximum of photovoltage, the hole carriers will recombine with electrons accomplishing charge neutralization, but the diffusion of the hole carriers may be a slow process and not commensurate with the recombination process since the metallic phase will revert to insulating phase after about 1 s, which results in the abnormal change of the photovoltage in the relaxation stage.
In conclusion, photovoltaic effects have been observed in obliquely deposited oxygen-deficient manganite thin film. Due to the oxygen deficiency, the sample is very sensitive to light irradiation. Abnormal change of photovoltage has been observed when the film is irradiated by a 532 nm pulsed laser of 7 ns duration. The advantage of bringing oxygen deficiency into manganite thin film is that the oxygen vacant sites can raise the photovoltaic sensitivity. The thickness of the film has important effects on the photoelectric characteristics. Therefore, it may be a potential candidate for manganite-based photosensors. 
